For underaged Al-Mg-Si alloys with excess Si, No. 5(Al-0.7 mass%Mg-1.1 mass%Si) and No. C5 with 0.2 mass%Cr addition, SSRT tests have been carried out to reveal the contribution of hydrogen embrittlement (HE) to SCC processes at strain rate 6:9 Â 10 À7 s À1 under three environments; ‹dry nitrogen gas, ›wet air with 90% relative humidity and fian acid sodium chloride (ISO) solution. Under env.›, alloy No. 5 with coarse grains shows a decrease in elongation comparing with that under the inert env.‹, while alloy No. C5 with finer gains exhibits rather an increase. The small areas of intergranular(IG)-and transgranular(TG)-facets both with a feature of wavy slips are observed in contact with the free-surface of the specimens, respectively, which are regarded as an evidence of hydrogen-enhanced localized plasticity. Under env.fi, alloy No. 5 shows a high susceptibility to SCC, while alloy No. C5 exhibits a low one improved through Cr addition. On SCC fracture surface of alloy No. 5, three modes of IG one with crystallographic pits, IG another with fine ledges and TG one with an appearance of quasi-cleavage are presented, which indicates that the mechanism of plastic deformation localization induced by anodic dissolution plays a dominant role in the SCC. Even though HE is involved in the SCC process, the effect is estimated to remain small.
Introduction
Al-Mg-Si base alloys having properties of a good balance among strength, formability, and corrosion resistance have been widely used as structural materials for automobilebodies requiring weight saving. Recently the application to a liner of high-pressure hydrogen container for hydrogen-fuel cars has been regarded as promising.
1) The present base alloys usually exhibits a high resistance to stress corrosion cracking (SCC), 2) while those having an excess Si or with addition of Cu in order to improve strength and formability are not completely safe, together with fears of intergranular corrosion. [3] [4] [5] A probable embrittlement in hydrogen environments has been also reported. 6) Then it becomes an important issue to evaluate the properties with respect to SCC and hydrogen embrittlement (HE) for the sake of securing the reliability.
SCC mechanisms have been conventionally debated through classifying into two categories of anodic dissolution (AD) and hydrogen effects, but experimental results and new models presented [7] [8] [9] [10] in recent years indicate that the above discussion is not sufficient; they demand that SCC process should be understood as the interactions under applied stress between AD and plastic deformation (dislocation mobility) 8, 9) or among AD, plastic deformation and hydrogen effects. 10) Regarding HE also, in spite of quite many systems of materials and environments studied and a variety of mechanisms proposed, incomplete understanding is still obtained. On account of the experimental evidence that hydrogen brought about a loss of ductility to materials and on the other hand could cause an improved plasticity or a decrease in flow stress, 11) Birnbaum et al. 12, 13) have used a descriptive term of hydrogen-related fracture (HRF) instead of HE. They classifies HRF to three viable mechanisms; (1) embrittlement resulting from hydrogen-related phase changes, (2) hydrogen-enhanced localized plasticity and (3) hydrogen-induced decohesion. For aluminum alloys, the second mechanism (2) seems most possible. That fracture process is a highly localized plastic failure resulted from stress-hydrogen-dislocation interactions, which is supported by some experimental evidence. 14, 15) Then rightly, HRF is more suitable for general terms rather than HE, but the present paper is still described in terms of the latter according to custom.
With respect to selection and application of Al-Mg-Si base alloys, it is important to understand how hydrogen concerns with SCC process and what relation exists between SCC and HE. However most of the conventional studies have been carried out only from the viewpoint of presuming SCC and HE to be a separate phenomenon, so that the relationship between the two is not well demonstrated.
In the present study, in order to evaluate properties of embrittlement and/or SCC in Al-Mg-Si alloys with excess Si and to reveal the contribution of HE to the SCC process, slow strain rate tensile (SSRT) tests were carried out under environments prepared with the aim of separating AD and hydrogen effects.
Experimental

Materials and heat treatments
Al-Mg-Si alloys with excess Si, No. 5 and No. C5, supplied as common samples 4) in a group of studying ''materials science near grain boundaries'' supported by JILM, were received as cold-rolled plate 1 mm in thickness. Alloy No. C5 has additions of Fe and Cr of each 0.2 mass% for grain refinement. The chemical composition is listed in Table 1 . The alloys were solution treated at 813 K for 3.6 ks, water quenched and subsequently aged in the underaging condition at 443 K for 3.6 ks in an oil bath. The time to the peak-aging condition at 443 K was near 28.8 ks for each of the alloys. Average grain size on the rolled plane was 150-200 and 65 mm for alloy No. 5 and No. C5, respectively.
SSRT tests 2.2.1 Evaluating susceptibility to embrittlement or SCC
SSRT tests were carried out using a compact tensile specimen shown in Fig. 1 , with a gauge length of 12 mm and a width of 5 mm, machined out in the transverse direction of plates. The specimen surface was prepared by polishing with emery papers up to #1000, cleaning in 10%NaOH solution at 303 K, followed by dipping in 10%HNO 3 , rinsing with distilled water and drying. Overall surface except the gauge area of specimen was coated by lacquer and adhesive resign to avoid bimetallic corrosion between the specimen and pullrods made of stainless steel. SSRT tests were performed at a strain rate of 6:9 Â 10 À7 s À1 (tensile rate: 5 Â 10 À4 mm/min) under the following three environments; ‹ DNG: dry nitrogen gas as a standard inert environment at 298 AE 1 K › RH90%: wet air with relative humidity of 90% at 303 AE 1 K fi ISO sol: 30 gNaCl/l+10 mlHCl/l acid solution at 298 AE 1 K, based on ISO 11846-B2 ''Methods of intergranular corrosion testing for solution heat-treatable aluminum alloys'' 16) As for env. ‹ or fi, a cylindrical glass cell (volume content: about 500 ml) was used and fixed on the pull-rod to which a specimen was already attached. In case env.‹ high purity DNG was introduced into the cell through a desiccating cylinder, while in case env.fi aerated ISO solution of about 350 ml was poured. For env.›, wet air was supplied from a unit type ventilator into a test chamber fitted among support pillars of the SSRT testing machine, and the atmosphere in the chamber was controlled in a fixed condition of RH90%-303 K during test. Susceptibility to embrittlement or SCC was evaluated from the following equation indicating a reduction ratio of elongation in environments causing embrittlement to that in a standard inert environment.
where 0 and are elongation in env.‹ and env.› or fi, respectively.
Replacing environment tests
For the purpose of estimating the contribution of HE to SCC process, replacing environment tests were carried out. On the way of the usual SSRT test under strain rate 6:9 Â 10 À7 s À1 , env.fi was replaced as follows, at the point in time when it reached the maximum load in load-elongation response.
(i) env.fi ! env.‹ (ii) env.fi ! env.› Namely, up to the maximum load point under the first env.fi, SCC cracks should have grown to a given depth from the specimen surface. Then we intend to present by means of fractographic observations how the subsequent crack extension can be distinguished between under the secondary env.‹ and ›. By replacing environments, in the former case (i) both anodic dissolution and hydrogen entry must be intercepted, while in the latter case (ii) hydrogen should remain to be supplied. 17) About the procedure for the replacement, just after ISO solution in the glass cell was drained, the specimen was rinsed by distilled water, dried up with a cool-blow dryer and then exposed to env.‹ or ›. During about 5 minutes required for the replacement the SSRT test was continued without interruption. Fracture surface of ruptured specimens was observed using both a low-vacuum type scanning electron microscope (LV-SEM) and a high-resolution field emission type SEM.
Results
Properties of embrittlement and SCC
Stress()-strain(") diagrams of SSRT tests in alloy No. 5 and alloy No. C5 are shown in Fig. 2 and Fig. 3 , respectively. Every -" relations is a representative example obtained from 2 or 3 times SSRT tests under each environment. The tensile properties and the index I of susceptibility to embrittlement are listed in Table 2 . The tensile strength and elongation () of alloy No. 5 under the inert env.‹ are 278 MPa and 23%, while these of alloy No. C5 with finer grains are 319 MPa and 27%, respectively, superior in strength and ductility. In the case of alloy No. 5 ( Fig. 2) , under env.› RH90% was found to decrease slightly than that under env.‹, leading to I ¼ 0:09. On the other hand, under env.fi ISO sol. decreased remarkably to 1.2%, presenting a very high susceptibility of I ¼ 0:95. This embrittlement is obviously due to a marked SCC extension as mentioned later. In the case of alloy No. C5 (Fig. 3) , rather a slight increase in under env.› in comparison with under env.‹ was observed, leading to a negative I ¼ À0:1. At the same time, the value of reduction of area increased from 49% to 57%, providing a surer evidence of enhanced ductility. As for under env.fi, alloy No. C5 relative to alloy No. 5 showed a smaller reduction in and I ¼ 0:27.
In brief, when tested in 90%RH air of env.›, the coarse grained alloy No. 5 brings about the embrittlement as a decrease in elongation comparing with that under the inert env.‹, whereas the finer grained alloy No. C5 exhibits a unique behavior of enhanced ductility, although in any case the values of I stand at small 0.09 and À0:1 for alloy No. 5 and alloy No. C5, respectively. Under ISO solution of env.fi, SCC occurs so inevitably that alloy No. 5 shows a high susceptibility, while alloy No. C5 presents a substantial increase in SCC resistance. Such SCC susceptibilities dependent on Cr addition for the underaged alloys are similar in tendency to these for the peak-aged alloys, as reported on the previous paper. 4, 5) Then it is clear that the grain refinement plays a useful role to improve SCC resistance. sented with a symbol M2 in the following Table 3 ) and the intergranular fracture with sharp edges of intergranular facet, as illustrated in Fig. 4(a) , where an uneven reduction in specimen thickness was found. Fine dimples was observed also on the intergranular facets, as presented in the magnified image Fig. 4(b) . This feature has been characterized as the intergranular ductile fracture (IGDF; represented with a symbol M1), resulted from a preferential fracture along intergranular precipitate-free zones (PFZ) had been formed during aging. In the case of alloy No. C5, the fracture surface was overall composed of TGDF, where a relatively uniform reduction in specimen thickness was shown in Fig. 4 (c). The area (marked with ) close to the free surface of specimen, having an appearance of smooth fracture surface, is found to form shear-lips developed by a shearing-off process, as shown in the magnified image Fig. 4(d) . Figure 5 shows the fractographic features of the SSRT specimens under env.› RH90%. The alloy No. 5 exhibits a more brittle feature having a less reduction in specimen thickness, as clearly shown in Fig. 5 (a) in comparison with Fig. 4(a) . Fig. 5(b) presents the magnified image of the area marked with including the free-surface edge of specimen.
Fractography of fracture surfaces
Bounding on an area of the same IGDF with Fig. 4(b) , a unique intergranular fracture area with a smooth feature (represented with a symbol H1) was observed. This intergranular fracture surface was noticed to extend in the range of width from below a single grain to double grains and then to change into the IGDF area. According to more detailed observations, fine striations arranged parallel to the freesurface edge was found out, regarded as a trace of slip deformation. The generation of this fracture surface is therefore estimated to have induced the decrease in or . Also in the case of alloy No. C5, it appeared that the fractograhic feature was similar with that under env.‹ as shown in Fig. 5(c) , but such areas having wavy slip steps as shown in Fig. 5(d) at the higher magnification were found to take place at multi-sites in contact with the free-surface edge and then to transform toward inside to the shear-lip zone similar with one of Fig. 4(d) . It appears that the formation of these areas gives rise to the increase in . Figure 6 presents a SEM image of fracture surface of alloy No. 5 under env.fi ISO solution. From the detailed observations, the fracture surface was classified to the following 5 types of feature. The symbol for classification according to the following Table 3 is represented in parentheses.
(a) intergranular fracture surface with crystallographic pits (S1(a)) (b) intergranular fracture surface with fine ledges (S1(b)) (c) quasi-cleavage like transgranular fracture surface (S2) (d) IGDF fracture surface (M1) (e) TGDF fracture surface (M2)
Under the present env.fi, a serious extension of SCC took place, exhibiting the former three features (a), (b) and (c) symbolized with S1(a), S1(b) and S2, respectively. (d) and (e) are the same as the purely mechanical those under env.‹ DNG, represented with M1 and M2, respectively. These were found to locate at only small areas in the specimen of Fig. 6 . The fracture surface S1(a), which is accompanied with crystallographic pits indicating preferential dissolution of (100) planes, extended from several sites of the freesurface edge toward inside of the specimen. Figure 7 (a), provided as the magnified image of part a in Fig. 6 , shows the transitional area from S1(a) to S1(b). The intergranular fracture surface as part b of Fig. 6 , having a smooth feature in appearance, is S1(b) which forms a principal area occupying most of all the SCC fracture surface. The magnified image of part b is provided as Fig. 7(b) . The further magnified FE-SEM image is Fig. 7(c) , exhibiting fine and regular arrangement of ledges together with traces of pitting dissolution. Then near the mid-part in Fig. 6 (the areas surrounded with a white line at a little lower part from the center), the fracture surface S2 is found out. The magnified image of part d within the area is given as Fig. 7(d) . This is evidently transgranular and quasi-cleavage like in appearance. Judging from that the area S2 is located between the areas of S1(b) on both sides, or next to the area M2 of a mechnical final rupture, it has probably developed in the stress condition with severe plastic constraints at the final stage of SCC process.
Replacing environment tests
For alloy No. 5, the replacing environment tests (i) and (ii) were carried out, where on the way of the SSRT test under env.fi ISO solution is replaced with env.‹ or env.›, respectively. Figure 8 presents an example of the -" diagrams in comparison with that under each environment (as previously shown in Fig. 2 ). The replacement was served on the maximum-load point indicated with the arrow, when the elapsed time from the start of tests (i) and (ii) was 15.8 h and 12 h, respectively. In the case of (i), a slight reduction in stress during the replacement was found, subsequently followed by the recovery of , where the specimen showed approximately " ¼ 8% in fracture strain. In the case of (ii), once a relatively large reduction in was found after replacing, recovered and then decreased to a very low value, indicating a feature of ductile fracture. According to SEM observations of the ruptured specimen of test (i), 
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Type Al-Mg-Si Alloysintergranular SCC cracks extended to about 100 mm in depth from the free-surface edge, where the fracture surface inside from this SCC area was found to change to the mechanical ductile fracture M1 or M2. Figure 9 (a) presents an example of SEM image indicating the shift from S1(b) to M1. In the case of (ii), on the other hand, the fracture surface H1 same in form as Fig. 5(b) was often observed to stand in between S1(b) and M1 or M2. Fig. 9(b) shows an example of SEM image presenting the border area from H1 to M1 or M2. Here the free-surface edge of specimen is in the position parallel to the upper side of the present figure, and above this view SCC fracture surface S1(b) is spreading.
Discussion
For the Al-Mg-Si base alloy with an excess Si the SSRT tests were carried out under the three environments. As a result, each of the characteristic forms in fracture surface was found out. These fracture surfaces can be arranged by classifying into 1. intergranular(IG) mode and 2. transgranular(TG) mode, as listed in Table 3 . Under env.‹ DNG, the purely mechanical M1 and M2 which both represent the characteristic of ductile fracture took place. Both of these coexisted in the coarse-grained alloy No. 5, while the latter was dominant in the finer-grained alloy No. C5. Under env.› RH90%, H1 and H2, which both show the trace of wavy slips, were observed in alloy No. 5 and No. C5, respectively, where the elongation compared with that under env.‹ decreased in the former, while increased in the latter. Since each of these fracture surfaces was found in contact with the free surface of the specimens, it is regarded as a sign of hydrogen related fracture (HRF). 12) Although it is well known that the SCC of a high-strength 7075 aluminum alloy can relate with or primarily result from HE, the mechanism of HE itself has not been completely understood. Birnbaum et al. 12, 13) have expressed that hydrogen-enhanced localized plasticity (HELP) is available in many proposed mechanisms. The HELP mechanism is based on the evidence of localized plastic deformation induced by hydrogen effects, having been generally observed in a large number of systems, both pure metals and alloys, ferrous and non-ferrous alloys, and in bcc and fcc crystal structures. As pointed out by them, because of the highly localized nature of ductile fracture, either increase or decrease in ductility (elongation or reduction of area) and either hardening or softening in flow stress can be observed when measured for a macroscopic specimen. By an in situ environmental-cell TEM deformation technique, they concluded that hydrogen enhanced dislocation mobility and reduced the flow stress for aluminum materials, 7000 series alloy 14) and high-purity aluminum.
15)
Moreover from FEM analysis for the hydrogen effects in pure Ni and Ni-C alloys 13) they presented that the formation of hydrogen atmospheres around dislocations due to the interaction among dislocation, hydrogen and stress and the resultant stress shielding effect should lead to an increased velocity. The behavior of plastic deformation and the generation of fracture surface H1 or H2 under env.› suggest the validity of HELP mechanism. Namely, the fracture surface H1 on the coarse-grained alloy No. 5 is regarded as a result of the localized plasticity by slip deformation concentrated at intergranular PFZs and then the local initiation of IG micro-crack impedes a uniform deformation of the specimen, leading to the decrease in macroscopic elongation. On the other hand, the fracture surface H2 seems to be a trace of enhanced transgranular slips at the near-surface region, and this promoted surface plasticity will retard the growth of shear-lip, resulting in the increase in both elongation and reduction of area.
As for under env.fi, the generation of fracture surface in the coarse-grained alloy No. susceptibility is here discussed. The SCC extended from the specimen surface into inside with changing the fracture surface modes, S1(a)!S1(b)!S2, following finally the mechanical rupture with the feature of M1 or M2. The fracture surface S1(a), attended with (100) type crystallographic pits as a sign of preferential dissolution, is regarded as the early-stage one, which has the characteristic of ''IG corrosion assisted -type'' SCC before shifting to the main SCC fracture surface S1(b). S1(b) represented both the crystallographic feature of regular arrangement of ledges and the trace of pitting dissolution in the higher magnified image (Fig. 7(c) ). From the more detailed observation, the ledges were found to be composed of the regular arrays of terracelike planar facets and the fine zigzag parts linking the terrace facet to another, where the former seems to consist of {111} slip planes, and the latter the preferentially attacked {100} planes, respectively. These fractographic observations support the previous discussion 4, 5) that the SCC of the present alloy in ISO solution is ''strain-generated active path corrosion type'', attributed to the localized interaction between anodic dissolution and plastic deformation along grain boundary zones. Regarding a substance of the interaction, some models explaining the localized plastic deformation promoted by anodic dissolution have been proposed primarily from the viewpoint of TG-SCC in fcc alloys. Among those, EIDEL(Environment-induced deformation localization) mechanism introduced by Meletis et al. 9) seems available to the present SCC. Namely, based originally on the AVG (Anodic vacancy generation) model by Uhlig et al., 18) the mechanism is principally grounded on the enhanced dislocation mobility, accompanied by the following repeated processes at the surface layer; anodic dissolution-vacancy generation-dislocation nucleation-formation of planar dislocation arrangement-{111} micro-cracking-anodic dissolution. The present alloy provides the PFZs along grain boundaries for the surface layer favorable for dislocationpile up, leading to the IG-SCC with the fracture surface S1(b). At the final stage of SCC fracture, however, since the higher stress field at tip of the extended crack makes possible for dislocation to be injected further into grain interiors, TG-SCC can extend at a higher velocity than that of IG-SCC, then resulting in the shift of fracture mode to S2. Even though the fracture surface S2 is brittle and quasi-cleavage like in appearance as shown in Fig. 7(d) , it is very similar to the TG-SCC fracture surface reported 19) in Al-Zn-Mg alloys. In spite of a still remained disagreement concerning the crystallography of TG-SCC in aluminum alloys, it is highly probable that the fracture facets are on {110} planes. 19) The point of view agrees with one expected from EIDEL model, because micro-segments of crack are on {111} planes and also more than one slip plane are facilitated, causing cracking on a {110} overall orientation.
As above discussion the present SCC can be interpreted as the result of interaction between anodic dissolution and localized plastic deformation. There still remains however the possibility that hydrogen plays a role in the SCC process. The point of view was then studied during the replacing environment tests. We there intended the interception of both electrochemical dissolution reaction and hydrogen supply by removing the SCC environment in the case of test (i), while only the former interception in the case of test (ii). For test (i), the fracture surface mode was found to shift directly from S1(b) to the mechanical one, M1 or M2. Provided hydrogen entry and accumulation ahead of crack root have been formed, HE fracture surface is expected to intervene, but no evidence was observed. Only for test (ii), a small intervention of the fracture surface H1 was found. It is consequently supported that the mechanism of plastic deformation localization induced by anodic dissolution plays a dominant role in the SCC of the present system alloys and even though the HELP mechanism operates its concern remains small. Although hydrogen effects may be more responsible for the formation of the TG fracture surface S2, anodic dissolution is still estimated to govern predominantly the SCC.
Conclusions
For underaged Al-Mg-Si alloys with excess Si, No. 5(Al-0.7 mass%Mg-1.1 mass%Si) and No. C5 with 0.2 mass%Cr addition, SSRT tests have been carried out at strain rate 6:9 Â 10 À7 s À1 under three environments; ‹dry nitrogen gas, ›wet air with 90% relative humidity and fian acid sodium chloride (ISO) solution. Based on the test results and fractographic observations, the possibility for hydrogen embrittlement (HE) to play a role in the SCC process is discussed. The obtained results are as follows.
(1) Under the inert env.‹, the intergranular(IG)-and/or transgranular(TG)-fracture surfaces symbolized with M1 and M2, respectively, which both represent the characteristic of ductile fracture, are observed. (2) Under env.› RH90%, alloy No. 5 with coarse grains shows a decrease in elongation comparing with that under Env.‹, while alloy No. C5 with finer grains exhibits rather an increase, where the small areas of IG-H1 and TG-H2 facture surfaces are found in contact with the free-surface of the specimens, respectively. These are regarded as an evidence of hydrogenenhanced localized plasticity. (3) Under env.fi, alloy No. 5 shows a high susceptibility to SCC, while alloy No. C5 exhibits a low one that improved through Cr addition. On SCC fracture surface of alloy No. 5, three modes of IG-S1(a) with crystallographic pits, IG-S1(b) with fine ledges and TG-S2 with an appearance of quasi-cleavage are presented, which indicate that the mechanism of plastic deformation localization induced by anodic dissolution plays a dominant role in the SCC. (4) Even though HE is involved in the SCC process, the effect is estimated to remain small.
